The second Keck ten meter telescope (Keck-Il) is slated to have an infrared-optimized adaptive optics system in the 1997-1998 time frame. This system will provide diffraction-limited images in the 1-3 micron region and the ability to use a diffraction-limited spectroscopy slit . 'Ihe AO system is currently in the preliminary design phase and considerable analysis has been performed in order to predict its performance under various seeing conditions. In particular we have investigated the point-spread function, energy through a spectroscopy slit, crowded field contrast, object limiting magnitude, field of view, and sky coverage with natural and laser guide stars.
INTRODUCTION
A few adaptive optics systems are now in use at astronomical telescopes and several more are planned at major observing sites for the near future. The Keck 10 meter telescopes, located at Mauna Kea with its superb seeing conditions, promisses to yield very high resolution images when adaptive optics systems are installed.
The first Keck AO system will be optimized for the near infrared (l-3p) and be installed on the second Keck (Keck II) which is due to be commissioned this fall. The system will reside on one of the Nasmyth platforms and will feed infrared imaging and spectroscopy instruments (NIRC-II and NIRSPEC) . The system will have a Sodium laser guidestar, which will allow atmospheric correction to the diffraction limit for a large fraction of the sky at observing wavelengths as short as 1 micron.
An extensive effort in site characterization, performance prediction modeling, and system design trade off studies, has led to a baseline system that is now in detailed design phase. LLNL is drawing on its experience with the Lick laser guidestar adaptive optics system in constructing the wavefront controller and the Sodium guidestar laser for Keck. The inevitable trade between desired performance and available funds has led to the following baseline system: a 349 degree-of-freedom (241 active on the aperture, d=56 cm interactuator spacing) continuous face-sheet deformable mirror, a 90 Hz capable closed loop wavefront reconstructor, and a 10 Watt output power (roughly 9'th magnitude guidestar) sodium beacon laser. This system will perform very well in J, H, and K bands under ordinary seeing conditions on Mauna Kea. This paper presents the predicted performance of this system, and also discusses some possible future directions. 
PREDICTED SYSTEM PERFORMANCE -STREHL RATIO
Adaptive optics system performance is ultimately tied to the conditions of the atmosphere. On Mauna Kea, this is a good starting point, since seeing is typzcally around 1/4 arcsecond, a factor of 4 better than many other large telescope sites. In an ongoing seeing characterization effort at the Keck I telescope led by G. Channan of UC Irvine, a large amount of data including long exposure images, speckle images, and high speed Hartmann wavefront data has been collected. As a result of the knowledge obtained from this study and earlier work at the summit, our system design studies have assumed a set of three nominal seeing conditions, generically labled case A (good), case B (ordinary), and case C (bad). These are summarized in Table 1 . The intention is to try to estimate the minimum AO system performance expected during 20%, 50%, and 80% of the observing hours. error, that is, that a suitably bright natural tip/tilt reference star is available on or very near the center of the field of view to reduce pointing error to much less than the diffraction limit. Figure 2 shows the relative degradation of Strehl versus field angle at various wavelengths.
Strehl performance for Keck AO with a bright natural guidestar is limited by wavefront fitting error with the 56 cm actuator spacing on the deformable mirror. When the laser guide star is used, focal anisoplanatism ( due to the guidestar being at a finite distance from the atmosphere) is an almost equally significant contributor to Strehl reduction as deformable mirror fitting error. For the laser guide star and natural sources brighter than 10'th magnitude, the Strehl reduction due to servo bandwidth error and sensor signal-to-noise error are relatively small. Strehl calculations are based on a quadrature-sum of independent wavefront errors assuming a Kolmogorov atmosphere and the Marechal approximation: S = exp {0jc + u2 + m + so + one } (1) where 2 Uwfs = 71(1/5NR)\gs/\obs) (2) = (fo/fg)513
This model has been described in detail previously [1] .
Even though a laser guide star allows coverage of areas of the sky where a suitably bright wavefront reference source may not be available, a (somewhat dimmer) natural star must be used for tip and tilt measurement and correction. The tip/tilt information is not available from the laser guide star because its position on the sky is randomized by the propagation of laser light up through the atmosphere. The availability of natural tip/tilt guidestars is the performance limiter for high sky coverage.
In any given portion of the sky to be imaged, there is a choice between using a bright tip/tilt guide star that is far away in anglular distance from the area of interest, which would introduce isoplanatic error, or a dim star nearby, which would introduce pointing error due to low signal-to-noise ratio. For any given star field, a Strehl-optimizing choice of guide star can be made. Figure 3 shows average laser guide star corrected Strehl versus sky coverage, assuming that the optimal tip/tilt guide star choice is always made. Curves for natural guidestar corrected Strehi are also shown. A brighter source is needed for wavefront correction than for tip/tilt correction, thus laser guided AO has higher sky coverage for a given performance than natural guide star AO. However, even laser guided AO sky coverage is limited by the availability of natural guide stars.
PREDICTED SYSTEM PERFORMANCE -POINT SPREAD FUNCTION
Knowledge of the AO corrected Strehl gives an indication of system perfomance, and is a good parameter to optimize in the system design. However, knowledge of the point spread function allows for proper photometric reduction of astronomical images, and for correct selection of spectrograph slit width.
The corrected point spread is not a narrowed up version of the seeing point spread, nor is it a diffractionlimited Airy pattern, but is instead a hybrid object consisting of a diffraction-limited core on top of a halo of scattered light, the halo being of width comparable to the uncorrected seeing disk. The point spread function can be calculated if it is understood how the AO correction effects the structure function of wavefront phase. With a bright natural guide star on axis, (so we can neglect servo bandwidth, measurement, and anisoplanatism errors) , the structure function is determined by the spacing of actuators on the deformable mirror. The structure function is [2] V(r) = K()O.O23r3k_hh/3[1 -cos(2w)]Kd The true unaberrated MTF for Keck is of course slightly different because of the hexagonal shape and secondary and spider obscurations. The difference has an effect on the diffraction-limited PSF, yeilding a 6-fold symmetric shape instead of a circularly symmetric Airy pattern. The effect on PSF's with atmosphere ( AO corrected or uncorrected) however is minor. Figure 4 shows the point spread function for the Keck adaptive optics system (d=56 cm) at various wavelengths, compared to the uncorrected seeing PSF. Note that the AO system acts to pull light out of the seeing halo and put it into ie diffraction-limited core. Generally, the PSF is supported from below by the diffraction pattern until about 0.5 arcseconds from the central peak. Beyond that, the corrected PSF is above the diffraction pattern and below the uncorrected PSF, and assymptotes to the uncorrected PSF at large angles. Behavior of the PSF at large angles is studied in section 5 below. Figure 5 shows the corresponding energy through a spectrograph slit.
LASER GUIDE STAR EFFECTS
The laser guide star is a suitable reference when bright natural guide stars are not within one isoplanatic patch distance of the astronomical object of interest. The artificial guide star is by necessity located a finite distance from the aperture (90 km is the distance to the sodium layer in the mesosphere). The light rays from the artificial star travel in a cone to the telescope aperture whereas the rays from the astronomical object are nearly collimated. As a result, some portions of the atmosphere seen by the science light are not sampled by the reference guide star light, and the error known as focal anisoplanatism results. The effect is severe on larger diameter telescopes and in fact drives the choice of Sodium guide stars over lower altitude Rayleigh beacons for the Keck telescope.
Equations (fl-(9) can also be used to determine the point spread due to focal anisoplanatism. According to Sasiela {3} , the filter function is
where z is a characteristic height of turbulence above the telescope aperture, and H is the altitude of the guide star. For the following calculations, z was chosen so as to match the PSF at 0 to the expected Strehi for focal anisoplanatism = exp{-(D/do)5/3}. Figure 6 shows cone-effect point-spreads for Keck. These point spreads must be convolved with the deformable mirror fitting error PSF calculated earlier to give an estimate of the Keck laser guided AO system PSF, which is dominated by these two components.
area smaller against the constant background, increasing the signal-to-noise proportionally, and 3) larger telescope aperture reduces integration time by another factor of l/D2 since collection rate is proportional to area. Theta, arcseconds
